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Abstract 
A method to provide human tactile sensation using surface acoustic wave (SAW) was proposed. A stator transducer material 
(piezoelectric material) of a SAW tactile display, however, had constraint of size and shape. Previously, to solve this problem, a 
new method was proposed to excite and propagate SAW on a non-piezoelectric material surface. Excitation and propagation of 
SAW on a non-piezoelectric material is realized by combination of a LiNbO3 plate and a glass substrate. Using the method, the 
glass substrate SAW tactile display could realize tactile sensation in the same manner as the conventional SAW tactile display.
However, a relationship between the friction coefficient and vibration amplitude is unclear in the glass substrate SAW tactile 
display. To decide and optimize the control parameters of the glass substrate SAW tactile display, the relation is needed.  
In this research, the friction shifts was experimentally confirmed in the glass substrate SAW tactile display. Additionally, the
relation was investigated. 
PACS: 62.20.Qp; 43.38.Rh. 
Keywords: virtual reality; human interface; surface acoustic wave; friction control; tactile display; indirect excitation. 
1. Introduction 
Reproduction of human tactile sensation has lately attracted attention in various fields, such as virtual reality, 
remote control of robots, computer interfaces and so on. Reproduction of the sensation, which is a sense of 
roughness, friction, or variegated texture of an object's surface, was focused in our research. T. Nara et al. [1] and M. 
Takasaki et al. [2] has already proposed a novel method to provide human tactile sensation using surface acoustic 
wave (SAW). A pulse modulated driving voltage excites temporal distribution of standing wave of SAW. The 
distribution generates friction shift on the surface of a stator transducer substrate. When the surface with repeating 
ON/OFF switching of SAW is explored through a slider, the friction shift can be perceived as tactile sensation at 
mechanoreceptors in the finger skin. Controlling the ON/OFF switching frequency according to measured rubbing 
motion, reality of the displayed sensation can be enhanced. Additionally, to optimize a controller of the display 
system, H. Kotani et al. [3] measured a relationship between the friction force and vibration amplitude of SAW.  
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On the other hand, a stator transducer material (piezoelectric material) of a SAW tactile display had constraint of
size and shape. Therefore the SAW tactile display application such as a large tactile display could not be realized.
To solve this problem, we have proposed a method of SAW excitation and propagation on a non-piezoelectric
material and applied it for the tactile display. Using the method, the glass substrate SAW tactile display could realize 
tactile sensation in the same manner as the conventional SAW tactile display [4]. However, a relationship between
the friction force and vibration amplitude is unclear in the glass substrate SAW tactile display. To decide and
optimize the control parameters of the glass substrate SAW tactile display, the relation is needed.
In this research, an experimental apparatus to measure the friction was fabricated. The friction shifts was
experimentally confirmed in the glass substrate SAW tactile display. Additionally, the relation was investigated.
2. A SAW tactile display
2.1. Reproduction of roughness sensation
When we rub a solid surface, microscopically, vibration is generated in our finger skin. The vibration is
perceived at mechanoreceptors in the skin as tactile sensation. To realize the tactile display, generation of the
vibration in the finger is needed. The tactile sensation such as rubbing a rough surface is considered to be controlled
by changing the frequency and strength of the vibration.
In our research, the vibration is generated by using SAW. This is because SAW has high operating frequency
(MHz-order) and high energy density, and it needs simple construction, easy installation of a transducer. Generally,
operating frequency of SAW is too high for human being to perceive directly. Therefore repeating ON/OFF
switching of SAW is applied to excite the artificial vibration.
2.2. Active type SAW tactile display
The schematic diagram of basic structure of the active type SAW tactile display is shown in Fig. 1. To excite the
standing wave of SAW, two interdigital transducers (IDTs) are formed on the piezoelectric substrate, combining two 
opposed progressive waves that build standing wave. The standing wave is generated in the center of the substrate.
The operator rubs the substrate surface through the slider.
When a hard material like an aluminum film is put on the surface, the time while the material contacts the
surface changes according to the very fast vibration. As a result, coefficient of friction between the material and the
surface is reduced according to the vibration strength and smaller than the kinetic friction. This friction shift is
applied for the active type SAW tactile display. The tactile display operator rubs the display through the film. The
operators finger skin experiences the friction shift, because the aluminum film moves with the skin. The friction
shift can be controlled by switching SAW excitation (ON/OFF), as shown in Fig. 2. If the slider is fixed on his/her
finger skin, shear force applied on the finger is equal to the friction during the sliding motion. With repeating
Interdigital transducer(IDT)
Stator transducer
(Piezoelectric substrate)
Rubbing motion
Operator’s
finger
Slider
Steel balls
or
aluminum film
Fig.1 Basic structure of an active type SAW tactile display. 
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ON/OFF switching of SAW at regular intervals (the right side in Fig. 2), the shear force fluctuates. The fluctuation
generates a vibration on the surface of the skin. The vibration is perceived as tactile sensation at the
mechanoreceptors in the skin. The switching can be much faster than human perception response because of the
MHz-order operating frequency of SAW. Therefore, frequency of approximately 1 kHz is possible to excite. The
strength of the vibration can be varied by changing the time of the ON, namely, duty ratio of the switching timing.
The SAW operating frequency is selected according to the shape of the IDT and it is kept constant. The frequency of 
control pulse is decided by a controller, and it is varied from DC to 1 kHz.
3. Indirect excitation
We propose a method to excite and propagate a SAW on a non-piezoelectric material surface using a 
piezoelectric material. In this paper, the method is referred to as ”indirect excitation”. The conventional method (a
SAW being generated by an IDT and propagating on the piezoelectric material directly) is referred to as ”direct
excitation”. For indirect excitation, a combination of a piezoelectric substrate and a non-piezoelectric substrate was
employed. A glass substrate was applied as the non-piezoelectric substrate and a LiNbO3 substrate as the
piezoelectric substrate. The SAW excited on the LiNbO3 propagated on the glass substrate indirectly. The glass
substrate can be machined into a desired shape and cut to a desired size. The cost of this method is less than that of
the conventional method.
A configuration to realize the indirect excitation with coupling material is shown in Fig. 3. Indirect excitation
using coupling material has previously been suggested and employed [5]. Using coupling material, a preload
Rubbing
motion
Skin deformation :
SAW excitation : ON
SAW substrate
Slider
Skin
Skin deformation :
SAW excitation : OFF
SmallFriction:
Small
Friction: Large
Large
Aluminum film
Fig.2  Friction shift by switching SAW.
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Fig.3  Structure of the glass substrate SAW transducer.
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mechanism is unnecessary, because the excited wave is effectively transmitted on the glass substrate surface through
the coupling material. The IDT on the LiNbO3 is connected to the glass substrate. The IDT is formed by a
photolithography process on the LiNbO3 wafer. The LiNbO3 wafer is cut to the same size as the IDT and the glass
substrate is cut to a size corresponding to the electrode width of the IDT. The glass substrate is orientated so that the
propagating direction is perpendicular to the IDT fingers. Using the structure, SAW is excited and propagates on the
glass surface.
4. Friction measurement
In the case of the glass substrate transducer, a relationship between the friction force and vibration amplitude is
unclear. To decide and optimize the control parameters of the SAW tactile display, the relation is needed. In this
paper, we investigated the relation of friction coefficient between the stator surface and the slider. 
4.1. Experimental apparatus
Figure 4 shows the fabricated transducers of direct and indirect excitation method. In the indirect excitation,
LiNbO3 Y-Z plates were used as the piezoelectric material. A silica-glass substrate was used as the non-piezoelectric
material. The dimensions of the LiNbO3 plate were 18 mm x 8 mm x 0.5 mm and the dimensions of the glass
substrate were 100 mm x 11 mm x 2.3 mm. The LiNbO3 plate with the IDT was aligned in the propagating direction
and fixed. In this research, silicone oil, which is non-conducting material, was applied as the coupling material. The
distance between two IDTs of the glass transducer was about 60 mm. In the direct excitation, a LiNbO3 128° Y-X
wafer was used as the SAW transducer, as applied in the conventional SAW transducer [3]. The dimension of the
LiNbO3 substrate was 97 mm x 17 mm x 1 mm. The distance between two IDTs of the LiNbO3 transducer was 68 
mm. The IDTs of each method has 20 finger pairs. The operating frequency was 10 MHz. The electrodes were
formed on a LiNbO3 by aluminum evaporation and photolithography process. To excite the standing wave, the IDTs
were connected in series.
Figure 5 shows electrical and mechanical frequency characteristics of each SAW transducer. Electrical
characteristics measured by using a precision impedance analyzer (Agilent 4294A) is plotted in Fig.5 (a) with the
comparison to the direct excitation (upper figure). The conductance curve of the glass transducer had some peaks at 
the vicinity of 8.4 MHz (approximately 3 mS). On the other hand, the conductance curve of the LiNbO3 transducer
had some peaks at the vicinity of 9.6 MHz (approximately 15 mS). Frequency response of vibration velocity on 
substrate surface was measured as mechanical characteristics by using a Laser Doppler vibrometer (Ono Sokki LV-
1710, LV-0160) and a frequency response analyzer (nF FRA5097). Measuring point was the center of both IDTs.
Output voltage of the oscillator in FRA was 100 mVrms and amplifier gain was 50 dB. Frequency responses of
mechanical characteristics are plotted in Fig. 5 (a) with the comparison to the direct excitation (lower figure). In the
figure, peaks of the glass transducer were observed at the vicinity of 8.5 MHz (0.2 m/s). On the other hand, some
Fig.4  Photograph of the fabricated transducers.
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peaks of the LiNbO3 transducer were observed at the vicinity of 9.6 MHz (0.3 m/s). Relationship between vibration
velocity and input current at constant operating frequency were measured. In the indirect excitation, the SAW 
frequency calculated from wavelength of the IDT (400 mm) was 8.5 MHz, because a sound velocity of silica glass is
approximately 3400 m/s. Therefore we selected a driving frequency 8.506 MHz of the indirect excitation. In the
direct excitation, a driving frequency was 9.736 MHz. In this measurement, measuring point was the center of the
substrate on the loop of the standing wave. Measurement results were plotted in Fig. 5 (b). Result of the direct
excitation was plotted in the figure for comparison. It is seen that vibration velocity was proportional to the applied
current. The velocity achieved by the indirect excitation was about same level by the direct excitation.
The schematic structure of a friction measurement system is shown in Fig. 6. Friction (X-axis force) and preload
(Z-axis force) were measured by using a 2-axis force sensor. The preload was provided by elastic element of force
sensor deformed by the Z -axis stage. Each SAW transducers were fixed on a linear guide and guided in X-direction.
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Fig.5  Comparison of electrical and mechanical characteristics between indirect and direct excitation.
Fig.6  Photograph of the friction measurement system.
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The tactile display slider, which consisted of a silicone rubber film (thickness: 2 mm) and an aluminum film, was 
fixed on the head of the sensor. The rubber film corresponds to a finger skin. The head of the sensor, which is made
of steel, corresponds to a bone of human finger. The size of the slider was 10 mm x 10 mm.
4.2. Result
Friction shift by ON/OFF switching of SAW between the stator surface and the slider was investigated. The
friction force, namely X-axis force, was measured while the stator transducer (the transducer was fixed on the linear
guide) was sliding by a voice coil motor (VCM). Sliding speed of the VCM was controlled by the PI controller. The
speed was 20 mm/s. Vibration amplitude was 8 nm. Through the measurement, measuring point was kept on the
same position on the stator surface. Fig. 7 (a) shows measurement results of friction shift to the applied vibration
amplitude. It can be seen that the friction coefficient of the glass transducer decreased during SAW propagation.
Vibration after fluctuating of friction was caused due to stiffness of the force sensor. Fig. 7 (b) shows the
comparison of the friction shift between indirect and direct excitation. It can be seen that each response indicated
same tendency. However coefficient of kinetic friction is different because of the different stator material.
Relationships between the preload and a rate of reduced friction coefficient of direct and indirect excitation
transducer at constant linear guide sliding speed of 20 mm/s are plotted in Fig. 8 respectively with the comparison to
the applied vibration amplitude. It can be seen that the rate of reduced friction coefficient increased according to
increment of the vibration amplitude. On the other hand, the rate slightly decreased with the increment of the
preload. Although coefficient of kinetic friction was different as shown in Fig. 7 (b), rate of friction coefficient
reduction by SAW was in the same range when the vibration amplitude and preload were same value.
5. Conclusion
Using ON/OFF switching of SAW, a friction shift between the glass substrate SAW transducer surface and the
slider was investigated. We experimentally confirmed the friction coefficient at constant sliding speed of the guide
decreased during SAW propagation. The rate of friction reduction increased according to increment of the vibration
amplitude. On the other hand, the rate slightly decreased with the increasing preload. Coefficient of kinetic friction 
of the indirect excitation method was smaller than that of the direct excitation method. Rate of friction coefficient
reduction by SAW was in the same range when the vibration amplitude and preload were same value.
0
0.2
0.4
Time [0.05 s/div]
F
ri
c
ti
o
n
c
o
e
ff
ic
ie
n
t
Direct excitation
Indirect excitation
(a) Friction coefficient shift of the glass transducer
(b) Comparison between indirect and direct excitation
0
0.2
0.4
F
ri
c
ti
o
n
c
o
e
ff
ic
ie
n
t 4 nm 6 nm 8 nm 10 nm 12 nm
OFF OFFSAW ON
Time [0.05 s/div]
Fig.7 (a) Friction coefficient shift by switching SAW with the change of vibration amplitude, and (b) comparison of friction coefficient shift
between indirect and direct excitation.
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Fig.8  Relationship between preload and rate of reduced friction coefficient (VCM speed = 20 mm/s).
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